Here, we present a method for measuring dimensions of nanostructures using specular reflection of electrons from an electronically opaque surface. Development of this method has been motivated by measurement needs of the semiconductor industry [1] [2] [3] [4] , and it can also be more broadly applicable to any periodic, pseudo-periodic or statistically stationary nanostructures or nanopattern on an opaque substrate. In prior work 5, 6 , it was demonstrated through the presentation of proof of concept experiments and simulated examples that Reflective Small Angle Electron Scattering (RSAES) can meet certain dimensional metrology requirements of the semiconductor industry. In RSAES, an entire reflected scattering pattern is measured, with the scattered electrons being of primary interest. Later, in the process of further simulating RSAES, it was serendipitously discovered that dimensional measurement using reflected electrons might be greatly simplified by Electron Reflectometry (ER), whereby the intensity of the specularly reflected electron beam is measured and the scattered beams ignored. 7 This innovation may allow faster and cheaper development and deployment or at the very least provide an alternate pathway to exploit the phenomenon of reflected electrons for dimensional measurement. Here we discuss how ER complements existing dimensional measurement techniques, show simulated applications with an emphasis an defect detection and line-width measurements. a) Electronic mail: lawrence.friedman@nist.gov 1
Here, we present a method for measuring dimensions of nanostructures using specular reflection of electrons from an electronically opaque surface. Development of this method has been motivated by measurement needs of the semiconductor industry [1] [2] [3] [4] , and it can also be more broadly applicable to any periodic, pseudo-periodic or statistically stationary nanostructures or nanopattern on an opaque substrate. In prior work 5, 6 , it was demonstrated through the presentation of proof of concept experiments and simulated examples that Reflective Small Angle Electron Scattering (RSAES) can meet certain dimensional metrology requirements of the semiconductor industry. In RSAES, an entire reflected scattering pattern is measured, with the scattered electrons being of primary interest. Later, in the process of further simulating RSAES, it was serendipitously discovered that dimensional measurement using reflected electrons might be greatly simplified by Electron Reflectometry (ER), whereby the intensity of the specularly reflected electron beam is measured and the scattered beams ignored. 7 This innovation may allow faster and cheaper development and deployment or at the very least provide an alternate pathway to exploit the phenomenon of reflected electrons for dimensional measurement. Here we discuss how ER complements existing dimensional measurement techniques, show simulated applications with an emphasis an defect detection and line-width measurements. a) Electronic mail: lawrence.friedman@nist.gov Dimensional metrology needs of the electronics and semiconductor industry [1] [2] [3] [4] are primarily addressed through the techniques of X-Ray scattering 8, 9 , optical scatterometry (or optical critical dimension metrology, OCD) 3,10 , scanning and transmission electron microscopy (SEM and TEM), and scanning probe microscopy (SPM). Each technique has its advantages and disadvantages, but electron reflection may be well suited for measuring three-dimensional features smaller than 10 nm with: (1) high dimensional precision, (2) measurement footprint with linear dimension smaller than 100 µm, (3) little to no sample preparation, (4) strong output signal. Furthermore, when used in a hybrid measurement scheme, it is anticipated that RSAES and ER will serve to resolve parameter cross-correlation 1,3,4 because of their strong response to surface geometry. For more discussion see Ref. 5 on RSAES. Existing and new dimensional measurement techniques continue to be modified and further developed. 4, 9, 11 .
The benefits of electron reflection methods (RSAES and ER) come from the large scattering cross-section of electrons that are approximately 10 8 times larger than X-ray cross-sections 12 , the abilities to focus, deflect, vary the energy of and filter electrons, and the availability of a variety of compact sources and detectors. In ER, an incident electron beam of energy 5 keV to 100 keV is scanned through various angles relative to a sample, and the specularly reflected beam intensity is measured. While rocking Reflective High Energy Electron Diffraction (rocking-RHEED) has been used to measure atomic-scale features such as adatom step-size and coverage, 13 The ability of ER to measure nanoscale shape and defects is demonstrated through simulated measurement of a typical test grating that has pitch (P), height (H), width (W ), sidewall angle (θ sw ). Considered defects include top-rounding of radius, ρ tr , and undercut of radius, ρ uc (Fig. 2) . Grating lines run along the sample X-direction and transverse to the Y -direction. The Z-direction is normal to the substrate. . Hypothetical test grating with example simulated electron probability density (PDF) during reflection. Shading is from PDF = 0 (black) to PDF = 4 (white). Incident wave is normalized to PDF = 1.
Simulated incident beam has wavelength, λ e = 9.94 pm and reflection measurement angle, Three models of electron reflectance are used to predict reflectance measurements from the proposed method. First, optical path differences (OPDs) are used to elucidate how ER is sensitive to grating height (H), pitch (P) and undercut (ρ uc ). This kinematic analysis, however, serves only as a guide to understanding. In contrast to interpreting data from X-ray diffraction methods where scattering is often well described by kinematic theories, electron reflection involves multi- of the grating and the substrate, OPD = (2π/λ e ) × 2H sin θ r . Intensity minima are expected when sin θ r = (λ e /4H) (2n + 1). Similarly, an azimuthal scan in (φ ) with fixed reflection measurement angle (θ r ) and zero pitch and roll angle (θ = β = 0) measures pitch (P) with an optical path difference given by OPD = (2π/λ e ) cos θ r × 2P sin φ . Reflected intensity minima are anticipated when sin φ = (λ e sec θ r /4P) (2n + 1). Other geometric features are should modulate the electron reflection intensity, but not in ways that can be described simply. For example, it is expected that scans will be sensitive to undercut when an electron probability peak fits inside, (λ e /2) csc θ r ≤ 2ρ uc or sin θ r ≥ λ e /(4ρ uc ). To scan for undercut of radius of 0.5 nm, a reflection measurement angle, The second configuration, with apertures of diameter 100 µm, has angular resolution α = 10 −4 rad = 0.006 • . For θ r = 0.2 • , the footprint length along the major axis is 2a fp = 44 µm, a much smaller value due to the negligible amount of Rayleigh broadening using the larger aperture.
The resulting incident current is I i = 0.5 nA. With a detector sensitive to 1 fA, this configuration would measure reflectances as small as 2 × 10 −6 . The average normal incident current density is 95 A/m 2 . Scans using the larger aperture are shown in Fig. 5 . There is some loss of information, but the abilities to observe oscillation periods and detect the presence of defects are retained.
Need for a smaller spot size or measurement of samples with a great deal of disorder or significant inelastic scattering may benefit from the enhanced signal and justify the use of larger apertures.
Electron Reflectometry (ER) is a technique for measuring periodic and pseudo-periodic or sta- (Fig. 3) 
